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Colour patterns are prominent features of many animals
and have important functions in communication, such as
camouflage, kin recognition and mate choice. As targets
for natural as well as sexual selection, they are of high
evolutionary significance. The molecular mechanisms un-
derlying colour pattern formation in vertebrates are not
well understood. Progress in transgenic tools, in vivo im-
aging and the availability of a large collection of mutants
make the zebrafish (Danio rerio) an attractive model to
study vertebrate colouration. Zebrafish display golden
and blue horizontal stripes that form during metamor-
phosis as mosaics of yellow xanthophores, silvery or
blue iridophores and black melanophores in the hypoder-
mis. Lineage tracing revealed the origin of the adult
pigment cells and their individual cellular behaviours dur-
ing the formation of the striped pattern. Mutant analysis
indicated that interactions between all three pigment cell
types are required for the formation of the pattern, and a
number of cell surface molecules and signalling systems
have been identified as mediators of these interactions.
The understanding of themechanisms that underlie colour
pattern formation is an important step towards decipher-
ing the genetic basis of variation in evolution.
Introduction
In most animal species, the body is coloured. Dark pigments
and reflecting structural colours prevent harmful radiation
from damaging vital tissues. Most mammals are cast in
shades of grey or brown, owing their colour to various forms
of melanin [1]. The silvery appearance of many fish is pro-
duced by light reflecting guanine platelets. The intensity of
colour may also reflect the sexual attractiveness of an indi-
vidual to a potential mate. Animals not exposed to light are
often colourless, such as cavefish and nematodes. Strik-
ingly, colouration is often displayed in beautiful patterns
that are composed of several pigments, as well as various
kinds of nanostructures producing a wide range of colours
in the skin and its appendages. Such colour patterns may
have important functions in communication between individ-
uals of a species. Moreover, colour patterns also serve as
deceptive or attractive signals that are utilised by individuals
of different species in predator–prey interactions, notably
mimicry and camouflage. Colour patterns are highly variable
and evolve rapidly leading to large diversities even within a
single genus and to remarkable similarities in distant genera.
In short, colour patterns are of high evolutionary relevance as
targets of natural as well as sexual selection.
Vertebrate colour patterns are composed of specialised
pigment-producing cells, the chromatophores. These origi-
nate from the neural crest, a transient primordium ofmultipo-
tent cells located at the dorsal neuroectodermal ridge from
which progenitor cells emigrate to develop a variety ofMax-Planck-Institut fu¨r Entwicklungsbiologie, 72076 Tu¨bingen,
Germany.
*E-mail: christiane.nuesslein-volhard@tuebingen.mpg.destructures and tissues [2]. Neural crest is a developmental
innovation that allowed vertebrates to get both large and col-
ourful. Other neural crest-derived structures include ele-
ments of the skull and jaw, the neurons of the peripheral
nervous system and glia. Birds and mammals have only
one pigment cell type, the melanocyte, producing the
pigment melanin (although in different shades) that is
secreted into the skin or feathers and hairs. In contrast, basal
vertebrates such as fish, amphibia and reptiles develop
several chromatophore types producing different colours.
In these animals, colour patterns arise as mosaics of chro-
matophores distributed in the hypodermis of the body, and
the epidermis of scales and fins (Box 1).
Although colour pattern formation has fascinated scien-
tists since the beginning ofmodern biology [3], the field is still
dominated by theories rather than detailed knowledge of the
underlying molecular, cellular and developmental events.
Genes affecting the production of pigments and colours
have been identified bymutations inmany species; however,
long developmental time-windows, increases in body size
and limited imaging possibilities make it technically chal-
lenging to study colour pattern formation in any vertebrate.
In this review, we focus on zebrafish colour pattern forma-
tion. We describe recent studies on the origin of the three
chromatophores and their cellular behaviour during stripe
pattern formation, the genetic regulation of pigment cell
development and how it informs us about pigment cell inter-
actions underlying the characteristic striped colouration. We
discuss the insights from zebrafish patterning as a model for
colour pattern formation in other teleosts and speculate on
the implications for birds and mammals.
The Zebrafish Colour Pattern
The zebrafish, Danio rerio, owing its name to the striking ste-
reotypic pattern of longitudinal blue and yellow stripes, has
emerged as themodel organism for colour pattern formation
in vertebrates (Figure 1). Development takes place outside
the mother, allowing direct inspection at all stages. Most
importantly, the availability of mutants with altered patterns
and feasibility of long-term imaging provides unique possibil-
ities to access the cellular and molecular background of this
protracted developmental process [4–8]. An alternating
pattern of four to five dark stripes and four light stripes covers
the flank and the anal and tailfins of adult zebrafish
(Figure 1A,B). The stripes arise from a multi-layered arrange-
ment of yellow xanthophores, silvery or blue iridophores and
black melanophores in the hypodermis. In closely related
Danio species, the colour patterns on the flanks as well as
on the fins are very different (Figure 2) [9,10]. They vary in
number of stripes, their width and orientation, as well as their
integrity; in Danio albolineatus (Figure 2A) neither stripes nor
spots are formed. Unlike D. rerio, some species display con-
spicuous and distinct patterning in the fins (Figure 2E,G).
Strikingly, only the zebrafish pattern suggests a periodicity
along the dorso-ventral axis. Several other species display
repeated vertical bars along the anterior-posterior axis
(Figure 2E,F). The larvae of all the Danio species that have
been studied have very similar and comparatively simple pat-
terns, which develop following morphological landmarks
[9,11]. The variation of the adult patterns in the genus Danio
Box 1
Pigments, colours and chromatophores.
Colours displayed by fish, amphibians and reptiles are due to a combination of pigment-based colours and structural colours. Pigment-
based colours include pteridine and carotenoid-based yellow to red pigments of xanthophores and erythrophores, and the melanin-based
pigment of melanophores [77]. These are produced and contained in membrane bound organelles called pterinosomes/carotenoid vesicles
and melanosomes, respectively. Almost all the known blue colouration in animals is structural, and in fish it is dependent on light-reflection
properties of thin stacks of uniformly spaced membrane-bound guanine platelets of high refractive index included in iridosomes; they can
produce a diverse range of vibrant blue and silvery structural colours depending upon the spacing between the platelets [78-80]. In the
zebrafish, S-iridophores containmany small and uniform-sized (2mm) platelets, which cause a variety of colours and appearances depending
on the angles of illumination relative to the skin [12]. The pigment-containing chromatophores are often dendritic in shape whereas
iridophores usually assume oval, round or polygonal shapes without dendritic processes. Changes in cell shape may produce different
shades or even colours within a single chromatophore type. Recent findings on widespread biofluorescence among fish add an extra
dimension to fish colouration and ecology [81,82].
At least seven different kinds of pigment cells have been described in fish: xanthophores, erythrophores, iridophores, leucophores,
melanophores and more recently, cyanophores and erythro-iridophores [83-86]. These chromatophores are distributed in several layers in
the dermis. A standard dermal colour-forming unit consists of xanthophores (and erythrophores) on the outermost layer that primarily
absorbs short-wave light; iridophores in the middle layer which reflect light; and melanophores in the basal layer that absorb light across the
spectrum [12,13,84,87]. Variations on the standard colour-forming unit lead to a variety of colour patterns that is particularly rich in fish.
One of the most fascinating aspects of pigment cells is their capability for physiological colour change causing adjustable body appearance,
a feature utilized by animals in several contexts such as background adaptation, camouflage, facultative mimicry and sexual attraction
[85,88]. Melanophores respond to neural and hormonal cues: a lighter shade of skin is generated by translocation of the pigment-containing
melanosomes along microtubules towards the centre of melanophores whereas darker shades are achieved by dispersing melanosomes in
the cytoplasm (insets in Figure 1E) [85,89]. Pigment motility has also been observed in xanthophores and erythrophores but it is less well
understood [90,91]. Zebrafish larvae as well as adults adapt to a light surface by melanosome translocation; blind fish are invariably dark [6].
Males turn on an intensive yellow colouration upon sexual activity. Zebrafish appear pale during sleep, or when affected by diseases.
The dazzling spectrum of colours in the feathers of birds is produced by shades ofmelanin and food-derived yellow or red pigments secreted
into the extracellular keratin composing the feather. In addition, sophisticated extracellular nanostructures in these complex integumentary
appendages generate iridescent and non-iridescent colouration by light scattering that depends on the organization of connective tissue
fibres, keratin, melanin and air [80,92]. In mammals, colouration is based on brown and black eumelanin, and red to yellow-cream
pheomelanin pigment.
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fish.
Zebrafish chromatophores display different cellular
shapes and colours depending on their position in the
skin. Electron microscopic analysis has revealed distinct
classes of pigment cells in terms of their location and
pigment content [12,13]. In the zebrafish striped pattern,
xanthophores present a compact roundish shape in the light
stripes, displaying an intense yellow or orange colour,
whereas in the top layer of the dark stripes they are stellate
and faint (Figure 1C), providing a yellow hue to the dark blue
colouration resulting from melanophores and blue irido-
phores [12,14]. Iridophores are found in three shapes:
S (surface) iridophores are densely packed, and appear
silvery-whitish in the light stripes (dense iridophores),
whereas in the dark stripes they cover the melanophores
as a net of loose cells appearing blue (blue iridophores)
(Figure 1D). L-iridophores, a third class of iridophores,
spread underneath the melanophore stripes. Melanophores
occur in only one shape that is compact, such that melano-
phores fill the space, leaving little room between the cells
(Figure 1E; Box 1).
The Genetic Basis of Colour Pattern in Zebrafish
Genetic screens in zebrafish have led to the identification
of more than 100 genes affecting different aspects of
pigmentation. Some of these genes encode transcription
factors, such as Sox10, and Mitfa (Microphthalmia-associ-
ated transcription factor a), or members of the Kit,Endothelin and Csfr (Colony-stimulating factor receptor)
signalling pathways, which are known to have evolution-
arily conserved functions in pigment cell development
and colouration in other fish, as well as birds and mam-
mals [15–21]. Mutants of about 20 pigmentation genes
are viable and display changes in the adult colour pattern
(Figure 3; Supplemental Information) [4–7,22–24]. Interest-
ingly, the respective loss-of-function mutants in mice are
often lethal because the genes are also required for vital
functions, other than pigmentation. In zebrafish, colour
pattern genes are frequently represented by two or more
paralogues, only one of which is affecting pigmentation.
It has been suggested that whole-genome duplication
along the teleost lineage may have provided the genomic
substrate for evolution of the great morphological diversity
observed in fish [25]. Viable mutations in paralogues of vi-
tal genes specialised for late traits such as pigmentation
offered greater flexibility to evolve variations of coloured
patterns [26,27].
According to the mutant phenotypes, three major classes
of adult viable colour mutants can be distinguished: genes
affecting pigment formation, genes affecting chromatophore
formation and genes affecting interactions between the
pigment cells (Supplemental Information).
In the first class are genes affecting the formation of
pigment, leaving the cellular pattern intact. Examples are
albino, golden and sandy, in which melanophores appear
pale or unpigmented but form normal stripes. albino and
golden encode solute carrier proteins that affect pH
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Figure 1. Colour pattern of adult zebrafish.
(A) Lateral view of adult male zebrafish displaying striped colouration
on the trunk (Scale bars = 5 mm). Note the differences in colour pat-
terns on different fins. (B) Enlarged view of the trunk colouration; stripe
nomenclature according to [41], asterisk indicates the first light stripe.
(C) Xanthophores: Xd: compact and densely packed in the light stripes;
Xl: stellate and loose in the dark stripe region. (D) Clonally labelled
dense iridophores (Id) in the light stripe region, loose iridophores (Il)
in the dark stripe region. (E) Bright field showing melanophores (M) in
the dark stripe. Inset in E: a single fluorescently labelled melanophore
before and after epinephrine treatment causing a concentration of
melanin close to the nucleus.
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R83homeostasis of melanosomes (Box 1) [28,29]. Tyrosinase, a
key enzyme in melanin biosynthesis, is encoded by the
sandy gene [6,29]. Dysregulation of melanin biosynthesis
can affect melanophore survival, as shown by the analysis
of a mutation in the Tyrosinase-related protein 1a (Trp1a)
gene [30]. Variants of several of these genes are associated
with skin, hair and eye colour variation in human populations
(Supplemental Information) [28,29,31,32].
Genes Affecting Chromatophore Formation
The second class of genes affects the formation of one or
more chromatophore types. colourless encodes the tran-
scription factor Sox10 and is required for proper develop-
ment of all neural-crest derived tissue (with the exception
of head cartilage), including all three types of chromato-
phores in zebrafish [6,33]. Whereas colourless/sox10 is larval
lethal, other mutants that affect primarily only one pigment
cell type are viable and fertile, allowing in-depth genetic anal-
ysis of the role of a given chromatophore during stripe
pattern formation. Based on genetic requirements and tem-
poral sequence of arrival in the skin, three classes ofmelano-
phores have been demonstrated in zebrafish: embryonic,
early and late metamorphic melanophores [4]. Kit signalling
is required for establishment and survival of embryonic and
early metamorphic melanophore progenitors as suggested
from the analyses of sparse/kita and sparse-like/kit ligand
a (Figure 3C) [4,34–36]. Neural crest-derived melanophores
of all the three classes require Mitfa for differentiation and
are absent in nacre/mitfa mutants (Figure 3A) [37,38]. Irido-
phores require Leukocyte tyrosine kinase for iridophore
specification as suggested by the analysis of shady/ltk mu-
tants that lack both larval and adult iridophores (Figure 3B)
[39]. Once in the skin, iridophores require Endothelin signals
for expansion of their population, and presumably for appro-
priate aggregation in the skin [8,40–42]. Iridophores also
require Mpv17, a mitochondrial protein, for survival [43].
Whereas loss of ltk and mpv17 affects both S- and L-irido-
phores, loss of Endothelin signalling primarily affects S-irido-
phores (Figure 3B,D,E). pfeffer/colony-stimulating factor
receptor a (csf1ra; Figure 3F) regulates migration, survival
and possibly expansion of xanthophores [44-46]. These ana-
lyses clearly indicate a genetic separation of pigment cell lin-
eages and sub-lineages; however, spatiotemporal events
leading to lineage restriction remain poorly understood at
the level of multi-potent progenitors and committed
precursors.
Analyses of the mutants depleted in a single pigment cell
type have provided crucial insights into pigment cell interde-
pendency for their development, survival and stripe pattern
formation. The construction of genetic mosaics by blasto-
mere transplantations indicated a cell autonomous require-
ment for most of them (see Supplemental Information),
which means that the abnormal behaviour of the other cell
types observed in the mutants is indirectly caused by the
absence of a given cell type. In the absence of melanophores
in nacre, iridophores spread as a dense sheet leading to
expansion of the first light stripe whereas subsequent light
stripes are broken into spots (Figure 3A) [41]. Mutants
depleted in iridophores such as transparent/mpv17, shady/
ltk and rose/ednrb1 exhibit a strong reduction in melano-
phore numbers; only the first two dark stripes, which break
up into spots, are discernible (Figure 3B,D,I) [41,47]. Remark-
ably, the fins are not affected in iridophore mutants. Loss of
xanthophores in pfeffer/csf1ra is associated with a reductionin melanophore number, spreading of the dense iridophores
into the dark stripe regions, breakup of the dark stripes into
melanophore spots, and presence of melanophores in the
light stripe regions (Figure 3F) [41,45,46].
The analysis of double mutants lacking two pigment cell
types shows that any single cell type alone cannot form a
pattern — in double mutants the residual cell type evenly
covers the zebrafish trunk (Figure 3G,H) [41]. This indicates
that on its own each pigment cell type has a tendency to uni-
formly cover the skin and that the stripe pattern emerges due
to restrictions imposed by interaction within and between
the three pigment cell types; pigment cells do not fill an invis-
ible pre-pattern. The mutant phenotypes and evidence from
chimeric animals show that all three chromatophore types
have to communicate with one another to form the final
striped pattern [41,46,47]. From genetic mosaics and abla-
tion experiments, it has been deduced that the iridophores
attract xanthophores, locally suppressmelanophore survival
but promote it at a distance [41,47]. Xanthophores andmela-
nophores exhibit mutual repulsion at a short range but
xanthophores are required for melanophore survival at a dis-
tance [41,46–48].
Although the significance of cell–cell communication
among the pigment cells is well appreciated, analysis of
bonaparte [49] and karneol mutants [42] points towards a
crucial role of the tissue environment of the pigment cells
during stripe pattern formation. bonaparte/basonuclin2
mutant adults lack iridophores and almost all melanophores.
The gene encodes a nuclear zinc finger protein of unknown
function required for normal stripe formation, but not in
pigment cells themselves; it regulates kitlga and csf1 expres-
sion necessary for melanophore and xanthophore survival or
migration [47,49]. karneol (Figure 3I) encodes an Endothelin-
converting enzyme, Ece2, and, as shown in chimeras, is
Figure 2. Colour pattern diversity among the Danio group of fish.
(A) Almost uniformly distributed melanophores with a posterior red
stripe on the trunk of Danio albolineatus. (B) Stripes and spots on the
trunk of D. nigrofasciatus. (C) Stripes break into spots in Danio kyathit.
(D) Stripe pattern of D. rerio. Vertical bars on the trunk of (E) D. choprai
and (F) D. erythromicron. (G) Light spots on a dark background in
D. margaritatus. Note the difference in body and fin patterning in E-
G. Right panels: enlarged portion of the trunk skin. (Images courtesy:
Uwe Irion, Ursula Schach, Hans-Georg Frohnho¨fer, Andrey Fadeev.)
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[42]. karneol/ece2 mutants phenotypically resemble rose/
ednrb1mutants. It is likely that Ece2 is essential for the pro-
cessing of the relevant (unknown) Endothelin ligand in the
tissue environment. Thus, the tissue environment has an
important role in setting up the spatial cues for proper devel-
opment and organization of all the three pigment cell types in
the skin.Genes Affecting Interactions between Pigment Cells
Our present understanding of the molecular nature of cell-
cell interactions during colour pattern formation comes
from the analysis of mutants in six genes (Supplemental In-
formation) in which all the three pigment cell types are pre-
sent but do not arrange normally. Interactions between
and within melanophores and xanthophores are mediated
by leopard/connexin41.8, encoding a component of gap
junctions [46,50,51]. Connexin41.8 is required in both xan-
thophores and melanophores, and mutants (Figure 3J)
form spots instead of stripes [46]. Analysis of leopard pro-
vided first insight into a possible theoretical mechanism un-
derlying the stripe pattern: the strength of the spotted
pattern in a phenotypic series of dominant leopard alleles
can be simulated using a Turing-type reaction–diffusion
model of pattern formation [52]. Several subsequent studies
have characterised the nature of interactions between mela-
nophores and xanthophores with the framework of the reac-
tion-diffusion model [48,53]. Misexpression of Connexin41.8
or its variants in different genetic backgrounds under the
control of the mitfa promoter causes altered patterns such
as spots, or stripes of different width; consistent with predic-
tions of the reaction–diffusion model [54]. However, it should
be noted that the mitfa promoter is not specific to melano-
phores, as assumed in this study [55]. Recently, luchs was
identified in a screen for enhancers of the leopard pheno-
type [56]. luchs encodes Connexin39.4, an additional gap
junction component. Dominant and recessive mutations in
luchs lead to phenotypes very similar to the leopard pheno-
typic series in the body; however, the fins are almost not
affected in luchs mutants. Genetic analyses suggest that
leopard and luchs form heteromeric gap junctions which
are required for cell–cell interactions in melanophores and
xanthophores [56]. Another mutant with spotted phenotype
is seurat, encoding Immunoglobulin superfamily member 11
(Igsf11; Figure 3K), which may regulate several aspects of
melanophore behaviour such as migration, survival and
cell adhesion [57].
Both genetic and ablation studies have predicted short-
range and long-range interactions between melanophores
and xanthophores [46,48]. Xanthophores repel melano-
phores at a short range and it has been suggested that
this repulsive interaction is mediated by obelix/kir7.1, en-
coding an inwardly-rectifying potassium channel (Figure 3L),
which is expressed and required in melanophores. Loss of
Kir7.1 in obelix/jaguar mutants leads to an apparent inter-
mingling of melanophores and xanthophores, and mutant
animals display broader and fewer stripes [5,46,51,58].
Dali/tetraspanin 3c phenotypically appears similar to obelix
[59]. The interaction of xanthophores and melanophores,
isolated from fins, has been described in vitro [55]. A ‘run-
and-chase’ behaviour was observed which required xan-
thophore contact-dependent depolarization of melano-
phores, a behaviour that did not occur in obelix mutant
melanophores [55,58]. In vitro, dali mutant melanophores
exhibited reduced motility and mutant xanthophores and
melanophores did not elicit an escape response [59]. The
in vivo implications of these in vitro observations are not
clear, but together with the genetic evidence, they under-
score the importance of interactions between melano-
phores and xanthophores during the stripe patterning
process.
The studies discussed above focus on molecular media-
tors of short-range interactions predicted by theoretical
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Figure 3. Selected adult-viable pigmentation mutants in zebrafish.
(A,A’) nacre lacks all the neural crest-derived melanophores. (B,B’) shady lack most iridophores and display only two rudimentary melanophore
stripes that are broken into spots. Fins are striped. (C,C’) sparse-like lack a subset of melanophores. (D,D’) Weak rose-allele with two contiguous
dark stripes flanking a very thin light stripe. (E,E’) Transplanted iridophore progenitors locally rescue the transparent phenotype, indicating that
tra melanophores can contribute to normal stripe formation if confronted with iridophores. (F,F’) pfeffer has severely reduced numbers of
xanthophores, residual stripes frequently breaking up into spots. (G,G’) In nac; pfe, in the absence of melanophores and xanthophores, dense
iridophores cover the body. (H,H’) Xanthophores uniformly cover the body in the absence of melanophores and iridophores in shd; slk. Note
that in shd; slk the fins are normally striped. (I,I’) karneol/ece 2 displays a phenotype similar to a weak rose-allele (see D). (J–L’) Cell–cell commu-
nication mutants: in (J,J’) leopard and (K,K’) seurat the stripes break up into spots and (L,L’) obelix displays broader stripes. (M,M’) In choker,
which lacks the horizontal myoseptum, a meandering striped pattern is formed. (N,N’) Transplantation of wild-type melanophore progenitors
to albino hosts reveals their clonal organization along the dorsoventral axis in the adult skin and fins. (Images courtesy: Hans-Georg Frohnho¨fer,
Uwe Irion, Jana Krauss, Andrey Fadeev, Brigitte Walderich.)
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R85and genetic analyses. However, long-range signals have
not been identified so far. It has been postulated that stripe
width is regulated by long-range interactions betweenmelanophores and xanthophores: although xanthophores
and melanophores mutually repel each other by short
range interactions, xanthophores provide long-range cues
Figure 4. Postembryonic progenitors of melanophores and irido-
phores are associated with peripheral nerves.
(A) Schematic showing the route followed bymelanophore progenitors
along the peripheral neurons innervating the skin. Iridophores migrate
through the horizontal myoseptum and disperse dorsoventrally in the
skin. (B) Lineage and the postembryonic source of pigment cells in
zebrafish. Neural crest cells give rise to several larval cell types
including neural tissue and develop directly into the three kinds of
larval pigment cells in zebrafish. Adult melanophores, iridophores
and neural tissue are derived from postembryonic stem cells, which
are located on the segmentally iterated DRG. Larval xanthophores
persist and proliferate at the onset of metamorphosis to generate adult
xanthophores. Metamorphic iridophores and xanthophores undergo
local proliferation in the skin. In rare cases, pigmented melanophores
are seen to divide in the skin (faint circular arrow). A fraction of xantho-
phores may arise from mixed iridophore clones (feint arrow).
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final stripe width [48]. Long-range interactions between iri-
dophores and melanophores promote melanophore survival
and stripe integrity by an unknown mechanism [41,47].
Recently, it has been suggested that Delta/Notch signalling
is responsible for xanthophore-dependent survival signals
to melanophores [60]. These are thought to be mediated by
long cellular projections extended bymelanophores towards
xanthophores of the light stripes [60].
In summary, forward genetic analyses coupled with theo-
retical approaches have identified several molecular regula-
tors and their possible mode of action during pigment
pattern formation and offered plausible mechanisms that
could underlie stripe morphogenesis. The challenge is to
identify the precise function at the cellular and molecular
level, as well as the downstream effectors of thesemediators
of cell–cell interactions.
Ontogeny of the Striped Pattern in Zebrafish
The Origin of Adult Chromatophores
The striped pattern of the adult zebrafish arises during a
metamorphic period beginning about 3 weeks post-fertilisa-
tion and lasting for about one month. During this period,
newly formed pigment cells emerge in the skin to generate
the stripes on the flanks and in the anal and tail fins that
form the adult pattern. The adult chromatophores are neu-
ral-crest derived, but appear at a time when the neural crest
has long disappeared. The postembryonic origin of meta-
morphicmelanophores has remained amystery until recently
when they have been traced to a small number of Kita-signal-
ling dependent stem cells located at the segmentally reiter-
ated dorsal-root ganglia [34,61]. Deletion of the dorsal-root
ganglia in the hypersensitive/picasso/erb3b mutation, laserablation or inhibition of the establishment of dorsal-root
ganglia led to a defect in the adult melanophore stripes
[34,62,63]. These studies have suggested that the DRGs
serve as niches for melanophore stem cells (Figure 4). These
express mitfa and are able to regenerate larval as well as
adult melanophores upon depletion [34]. Melanophore pro-
genitors proliferate while migrating along the spinal nerves
and enter the skin as melanoblasts predominantly over the
dorsal and ventral myotomes and along the horizontal myo-
septum — the structure separating the dorsal and ventral
halves of the myotome (Figure 4A) [34,61]. Once arrived in
the skin, melanoblasts gradually stop dividing while melanis-
ing. Pigmented melanophores rarely divide and do not show
extensive movements once in the dark stripe region [8].
Lineage analysis of clones of Sox10-expressing postem-
bryonic cells has shown that metamorphic iridophores also
develop from segmentally organized stem cells located at
the DRG (Figure 4) [8]. These stem cells are still multipotent,
and although the majority of cells in postembryonic sox10-
clones are iridophores, a small number of melanophores or
xanthophores, as well as peripheral neurons and glia may
be included in such a clone. In vivo imaging over extended
time periods during metamorphosis revealed that irido-
phores migrate through the horizontal myoseptum where
they continue to proliferate and spread after arrival in the
skin. Thus, in contrast to melanophores, once in the skin, iri-
dophores proliferate dramatically [8].
Typically, the sox10-clones induced in postembryonic
stem cells are large and include approximately all irido-
phores of a hemisegment. Current estimates based on re-
sults from blastomere transplantations (Figure 3N) suggest
that there may be little more than one stem cell per hemiseg-
ment for melanophores [34]. This implies that the adult
pattern originates from one stem cell each for iridophores
andmelanophores, in every segment along the anterior-pos-
terior axis.
In contrast to a stem cell origin, most metamorphic xan-
thophores arise from larval xanthophores, which persist
and begin to proliferate in the skin at the onset of metamor-
phosis (Figure 4). This has been recently shown by in vivo im-
aging of xanthophores using clonal labelling and blastomere
transplantations [14]. Xanthophore proliferation and differ-
entiation at the onset of metamorphosis is dependent on
global thyroid hormone signalling and local Csfr1a–Csf1-
dependent interactions with iridophores [47,64]. It is
possible that some xanthophores originate from stem cells
during stripe morphogenesis because labelled xantho-
phores have been observed in the stem cell-derived irido-
phore clones (Figure 4B) [8]. In the anal and caudal fins,
xanthophores have been shown to share a lineage with
melanophores [65].
In summary, iridophores and melanophores originate
from stem cells, but arrive and distribute in the skin along
different routes. Adult xanthophores arise from larval xan-
thophores and evenly cover the body of metamorphic fish
as a top layer prior to the spreading of iridophores, which
form a contiguous middle layer. Melanophores appear in
situ underneath blue iridophores in the dark stripe region
(Figures 4 and 5).
Sequential Stripe Formation by Patterned Aggregation of
Iridophores
At the onset of metamorphosis, about three weeks after fer-
tilisation, larval xanthophores begin to proliferate and cover
Iridophore (dense)Xanthophore (larval)
1. Larva (5 dpf)
2. Xanthophore 
proliferation (~2 wpf)
3. Formation of the first 
interstripe (3 wpf)
4. Stripe formation (3–4 wpf)
Xanthophore (loose)
Xanthophore (dense)
Iridophore (loose)
Current Biology
Metamorphic melanophore
5. Formation of new interstripes (~5 wpf)
6. Stripe pattern of a juvenile zebrafish (6–7 wpf)
Figure 5. Cellular events leading to stripe
pattern formation in zebrafish.
Schematics showing stripe pattern morpho-
genesis during the transition from the larval
stage to the adult stage (the approximate
age is mentioned in days post-fertilization
(dpf) and weeks post-fertilization (wpf). (1)
Larval xanthophores (2) begin to proliferate
at the onset of metamorphosis. (3) Iridophores
appear in the skin through the horizontal myo-
septum and organize the first light stripe. (4)
Melanophores develop from the melano-
blasts, which enter the skin through the dorsal
and the ventral myotomes. Over the dense iri-
dophores, xanthophores become compact
and acquire yellow-orange pigment. Loose iri-
dophores appear at the borders of the dense
iridophore region and begin to disperse along
the dorsoventral axis. (5) Melanophores grow
in size in the stripe region to form contiguous
stripes. Loose iridophores aggregate to orga-
nize new light stripes at a distance from the
first light stripe. (6) Xanthophores become
stellate over the melanophores and compact
in the light stripe regions. Loose iridophores
on top of melanophores appear bluish and
reflective giving blue colour to the dark
stripes. Light stripes appear golden due to
the presence of silvery dense iridophores
covered by yellow-orange xanthophores.
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R87the entire dorsolateral skin [14]. This is
followed by the arrival of metamorphic
iridophores along the horizontal myo-
septum where they proliferate and
develop into segmental clusters of
densely connected cells [8]. The
clusters of iridophores continue to grow, leading to the for-
mation of a contiguous stripe of dense iridophores. There
is no clonal restriction of iridophores between segments,
and iridophores derived from a single stem cell distribute
over two to four segments along the anterior-posterior
axis. After formation of the first light stripe, iridophores
continue to proliferate and loose iridophores appear and
spread bi-directionally in the skin towards the dorsal and
ventral aspect of the juvenile fish by proliferation and migra-
tion. They form a coherent sheet of cells covering the flank of
the fish, in which subsequently, with growth of the juvenile
fish, additional light stripes appear by patterned aggregation
of iridophores into the dense form at a given distance from
the existing light stripes.
Melanoblasts proliferate while migrating along the periph-
eral nerves and reach the skin at the presumptive dark stripe
regions bordered by the dense iridophore stripes. In contrast
to iridophores, melanophores do not proliferate but dramat-
ically expand in size, thus filling the space between the light
stripes. Hence, the dark and light stripes are formed by
completely different cellular behaviours. Xanthophores
covering the skin as a coherent sheet at the onset of meta-
morphosis undergo marked local reorganization acquiring
a flat shape with small cytoplasmic protrusions and develop
bright orange pigment over the dense iridophores of the light
stripes. In contrast, upon encountering the melanophores of
the stripe, xanthophores disperse, acquire a stellate shape
with long cytoplasmic protrusions and exhibit faint pigmen-
tation [14]. This leads to the exact superposition of thediverse cell types and shapes required for the proper
pattern (Figure 5).
The horizontal myoseptum serves as a morphological
landmark that orients the striped pattern. In chokermutants,
lacking the horizontal myoseptum, a meandering pattern of
parallel dark and light stripes of approximately normal
widths is formed in random orientations (Figure 3M), initiated
by irregular iridophore clusters appearing above the
myotomes [41]. This indicates that cues at the horizontal
myoseptum orient the first light stripe, whereas a self-orga-
nizing process depending on the interactions betweenmela-
nophores, xanthophores and iridophores determines stripe
width. Melanophores and xanthophores regulate the transi-
tion of iridophores between loose and dense states: in na-
cre;pfeffer double mutants lacking melanophores and
xanthophores, iridophores cover the skin as a dense sheet.
Furthermore, the leopard/Connexin41.8;luchs/Connexin39.4
phenotype displays an almost complete expansion of dense
iridophores, indicating that these gap junctions are instru-
mental in the transition of iridophore shape from the dense
into the loose form required for stripe formation [56]. In
rose/ednrb1 and karneol/ece2 mutants the switch of loose
iridophores to the dense form by patterned aggregation
does not occur, suggesting that the Endothelin signalling
system could be involved in this behaviour of iridophores
in themetamorphic skin [8,42].Obelix/jaguarmutants exhibit
broad stripes [5], suggesting that melanophores and their in-
teractions are important in regulating stripe width and
thereby number [46]. We hypothesize that a feedback from
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to regulate appropriate aggregation and dispersal of irido-
phores; broad stripes of obelix/jaguar mutants could be
due to failure of such interactions.
The initial stripe pattern that is laid out by melanoblasts
reaching the presumptive dark stripe region is fuzzy because
during early metamorphic stages, melanophores of larval
origin are still present along the horizontal myoseptum. In
addition, during metamorphosis, melanophores that appear
too close to the expanding light stripe get trapped in it. This
initially fuzzy pattern is refined and sharpened by elimination
or repulsion of the ectopic melanophores. Stripe sharpening
ismediated by xanthophores, asmelanophores persist in the
light stripe in pfeffermutants [8,41,44–46,66]; it results in the
exact superposition of the differently shaped and coloured
chromatophores leading to an increased contrast and
brightness of the pattern.
Stripe Pattern Formation on the Fins
In addition to the flank of zebrafish, pigment cells are present
in several different locations in the body, such as eyes,
dorsum, fins, scales and the viscera [5,13]. In many of these
locations, no stripes are formed (Figure 1). However, the anal
and the caudal fins of zebrafish exhibit a striped arrangement
of pigment cells that is coherent with the body stripes. The
organization of the pigment cells in the body stripes is
different from fin stripes: sheets of dense iridophores under-
lie the xanthophores in the light stripes of the body, but not in
the fins [13]. In other Danio species, patterning in all the fins
is distinct from that of the body, and in some species the dor-
sal, caudal and anal fins display a common motif, distinct
from the body pattern (Figure 2 E,G). This suggests that the
mechanisms of stripe formation in body and fins are
different. The most compelling evidence comes from mu-
tants that display differences in stripe formation between
body and fins. Mutants with compromised iridophores,
such as shady, rose, transparent, bonaparte and karneol,
invariably show normal stripe organization in the fins but
exhibit dramatic reduction in the stripes of the body (Figure 3)
[39-43,49]. This indicates that stripe formation in the fins
does not involve iridophores. pfeffer mutants lack most of
the xanthophores and do not form a stripe pattern in the
fins, but a rudimentary stripe pattern is formed on the body
(Figure 3F) [41]. Pyewacket mutants exhibit normal body
stripes but aberrant fin stripes [67]. The spotted mutants
seurat and luchs also are affected differently in body and
fins (Supplemental Information). Shady;sparse-like double
mutants which have almost no melanophores or iridophores
on the trunk exhibit normal stripes on fins (Figure 3H). Inter-
estingly, in long finmutants, the number of stripes increases
with fin size [5], whereas in the trunk with growth of the adult
the number of stripes remains constant while the stripes get
broader. These findingsmake a strong case for a clear differ-
ence between the patterning processes operating in the
body and in the fins and argue for alternative cellular and
extracellular interactions. Likewise, on the dorsum, the
dark longitudinal median band, as well as the scales, carry
all three types of chromatophores, which, however, are not
arranged in stripes. These observations indicate that the
rules of interaction between the chromatophores are
different in different regions of the body, despite the fact
that the chromatophore origin is the same for all body re-
gions, as revealed by lineage tracing (Figure 3N). It is plau-
sible that the reaction–diffusion model of stripe patterning,which is based on Turing-type interactions [48,68] between
only two cell types, melanophores and xanthophores, holds
for the patterning in fins, while for the body it requires sub-
stantial modifications to incorporate the role of the irido-
phores in stripe formation. In the light of the arguments
presented here, and the recent descriptions of pigment cell
behaviour in vivo in the trunk [8,14], it would be pertinent to
revisit the current theoretical framework for stripe morpho-
genesis in the body and in the fins.
Evolution of Colour Patterns in Fish
Based on the cellular behaviour of iridophores during stripe
formation observed by long-term lineage tracing in living
animals, we propose that patterning occurs in a two-dimen-
sional sheet of iridophore cells switching between two
distinct morphological states: loose and dense. The
formation of dense iridophore stripes provides a dynamic
framework for other pigment cells to form a patterned
arrangement. Importantly, these conclusions take the
sequential nature of stripe formation during development in
a growing animal into account. Despite the differences in
the overall mode of stripe pattern formation, the observa-
tions from zebrafish have interesting parallels to the pro-
posed model for the stripe formation in Pomacanthus
semicirculatus (anglefish) where it has been explained by a
generalized Turing theory that incorporates growth and cell
movement, and postulates that stripe patterns can be gener-
ated if iridophores (or any other type of pigment cells) prolif-
erate and move chemotactically in the skin to accumulate at
specific locations [69].
The observations on the cellular basis of colour pattern
formation in zebrafish open up exciting possibilities for
future analyses of the patterning mechanisms and their evo-
lution in related Danio species. Signals that influence the
sequence of arrival of pigment cells, their interactions and
their dynamics could influence the final pattern. For example,
the pattern in Danio nigrofasciatus (Figure 2B) could be due
to compromised iridophore dispersal and aggregation,
hence only two basic stripes are seen. Consequently, the
colour pattern ofD. nigrofasciatus is reminiscent to zebrafish
rose/ednrb mutants [10]. Analyses of interspecific hybrids
between pfeffer mutant zebrafish and other Danios have
suggested that differential regulation of xanthophores by
Csfr1–Csf signalling could underlie the loss of stripes in
D. albolineatus [10,16]. It has been suggested that in
D. albolineatus, precocious xanthophore differentiation due
to wide and increased CSF-1 expression suppresses stripe
formation [70]. In zebrafish, CSF-1 is predominantly ex-
pressed by iridophores leading to xanthophore differentia-
tion in the light stripe region [47,70]. Melanophore
populations are also differentially regulated in zebrafish
and D. albolineatus: unlike in zebrafish, far fewer late meta-
morphic melanophores appear in D. albolineatus [71]. Inter-
estingly, whereas early metamorphic melanophores appear
dispersed along the flank, the late melanophores of
D. albolineatus seem to arrange in a stripe pattern [71].
Many teleost fish display conspicuous variation and fast
evolution in colour patterns, famously the cichlids and gup-
pies (Figure 6). The most frequent pattern motifs are longitu-
dinal stripes, vertical bars and spots, similar properties as
observed in the Danio species. We expect that insights
from the study of Danio patterning will also hold for other
fish patterns. Egg-spot colour variation in cichlids
(Figure 6A) is associated with a novel iridophore-specific
Egg-spot colour pattern diversity in cichlids
Diversity in the colour patterns of male guppies
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Figure 6. Colour pattern diversity in cichlids
and guppies.
(A) 1. Adult cichlid (Haplochromis sp.). Egg
spot colour patterns of (2) Ctenochromis
horei; (3) Petrochromis trewavasae; (4) Cyno-
tilapia pulpican; (5) Astatotilapia burtoni; (6)
Haplochromis latifasciatus; (7) Astatotilapia
straeleni. (Images courtesy of Walter Salzbur-
ger, Tania Bosia, Emilia Santos, Anya Theis
and Erwin Schraml.) (B) Colour pattern varia-
tion in male guppies. (Images courtesy of Ver-
ena Kottler and Christine Dreyer.)
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domain protein 2 (fhl2), a transcrip-
tional co-activator [72]. Iridophores
are present at high density in egg spots
and develop before the differentiation
and aggregation of xanthophores. It
has been suggested that iridophore-
dependent interactions similar to those
observed in zebrafish stripe formation could underlie egg-
spot evolution [72]. Males of guppy display fascinating vari-
ation in their ornamental colour patterns (Figure 6B), and
recently it was shown that mutations in kita and csf1ra ortho-
logs underlie golden and blue guppy colour pattern
variants [15].
These studies underscore the impact of thework on zebra-
fish as a model organism for patterning in fish.
Colour Patterns in Birds and Mammals
Birds andmammals have only one pigment cell type, theme-
lanocyte. Virtually nothing is known about the mechanisms
patterning the extracellular integumentary structures of the
feathers while they are still invisible in the feather bud (Box
1). In mammals the colouration is generated by various
shades of melanin secreted into the keratin-based hairs of
the fur, or skin in non-furry body parts. Although there is
only one pigment cell type, many mammals display a colour
pattern composed of two or more distinct colours producing
different intensities of colouration. Frequent motifs are longi-
tudinal or transverse stripes, and spots. These are reminis-
cent of the most frequent fish patterns and it is tempting to
speculate about a similar developmental origin. In fact, it is
hard to conceive of direct experimentation in patterned
mammals such as tigers, zebras or cats; therefore, we are
left to speculation, which may benefit from insights on
patterning in zebrafish. We know from mice that melanocyte
progenitorsmigrate along the dorsolateral route, like xantho-
phores in zebrafish. However, recently a ventromedial origin
of melanocytes has been revealed; these melanocytes are
clonally related to glia and nerves of the peripheral nervous
system [73], like iridophores and melanophores in zebrafish.
As fish, amphibians and reptiles have at least three different
pigment cell types, one important question concerns the
evolutionary relationship between mammalian melanocytes
and the chromatophores of the more basal vertebrates. Iri-
dophores in zebrafish depend on Endothelin signalling as
do melanocytes in mammals [40-42]. Was it simply a case
of loss of pigment cell types other than melanophores along
the avian/mammalian lineages or did other pigment cell
types acquire the function of melanin production? The white
tiger that displays black stripes on a white instead of lightbrown background is a mutant in the solute carrier protein
45A (SLC45A2) [74]. Mutations in slc45a are also responsible
for the albino phenotype in zebrafish and specific forms of
human albinism [29]. Surprisingly, SLC45A2 is apparently
not required for melanisation in the black stripes of the white
tigers, suggesting two distinct types of melanocytes
composing the background fur and the stripes. It is tempting
to speculate that segmentally iterated pigment stem cells
alternate between producing two types of melanocyte,
which may evolutionarily be derived from melanophores
and iridophores of fish, respectively. Alternatively, melano-
cytes of one type may cover the skin via the dorsolateral
route of neural crest-migration, like xanthophores and larval
melanophores in zebrafish, and a second type appears in the
skin via the PNS route coming from segmentally iterated
stem cells. Longitudinal stripes would be formed if only
some of these stem cells would be activated. Long- and
short range interactions between different melanocyte types
in the skin may lead to various striped or spotted patterns.
Research on zebrafish patterning may provide candidate
genes, whose role in mammalian patterning could be tested
by tools of reverse genetics.
Conclusions
In recent years, themolecular cloning of about 20genes iden-
tifiedbymutations in zebrafish has contributed to substantial
progress in understanding themolecularmechanismsunder-
lying colour pattern formation. However, many open ques-
tions remain regarding the molecular and cellular basis of
theverydifferent routesanddevelopmental originof the three
chromatophore types. For eachchromatophore, receptors of
signalling systems have been identified, but the extracellular
regulating signals/components providing the spatial cues for
the patterning processes as well as their distribution are
largely unknown. Owing to low abundance, monitoring the
spatial distribution of signallingmolecules poses a challenge
with respect to in vivo tagging and imaging.
Genetic analyses have revealed multiple interactions be-
tween chromatophore types during formation, sharpening
and maintenance of the striped pattern. The molecules
involved pointed to an important role of cell contacts in these
interactions. Although integral membrane proteins such as
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tified, their role is not well understood. The analysis of
several more patterning mutants is in progress, but we
conceivably still miss many important components medi-
ating the interaction between the cell types. A severe
limitation of the genetic approach in analysing adult morpho-
genesis is that genes also required earlier in vital develop-
mental processes may not be discoverable by mutational
analysis. Reverse genetic knock-outs using the CRISPR-
Cas9 system may provide an approach to test the role of
candidate genes [75,76].
Long-term in vivo imaging has allowed a detailed descrip-
tion of the cellular events taking place in the course of stripe
formation in space and time. An intriguing aspect that has
been revealed is the spatially controlled transition of cell
states between a compact and a loose form as seen in irido-
phores and xanthophores. We have yet little understanding
of the cellular events and mechanisms of acquisition of
colour and shape depending on the cues that come from
other cell types. The spatial signals that determine stripe
width by patterned aggregation of iridophores, and that
lead to sharpening of the stripe border by elimination or
repulsion of melanophores are still largely a mystery.
Zebrafish mutant phenotypes as well as the colour pat-
terns of closely related Danio species show that the rules
of interactions between the chromatophores are strongly
dependent on body regions, resulting in different patterns
on flank and fins. We have no indications as yet how the
behaviour of cells (despite their common origins) is
controlled by extrinsic factors in the cellular environment of
pigment cells. Which is the relevant tissue providing these
cues? In this context in vitro observations of interactions be-
tween isolated cells appear of limited value. However, theo-
retical modelling taking the novel insights on cell shape
transitions, proliferation, stability and dispersal into account,
may be stimulating in posing new questions to old problems.
Lastly, the amazing diversification of patterns in Danio
species demands a comparative analysis of the cellular
and molecular events leading to the evolution of diverse pat-
terns. Recently, precise and efficient genome editing in
zebrafish based on homology-directed repair using the
CRISPR/Cas9 system has been accomplished [76]; such
reverse genetics methods will allow genetic knockouts and
cross-species allele replacements to identify genes respon-
sible for pattern variation in evolution.
The biology of colour pattern formation has now reached a
stage where fundamental questions regarding animal col-
ouration can be subjected to molecular, cellular and genetic
analyses in diverse organisms to build a picture of how ani-
mals evolved their share of beauty. Research on Danio
species, with their diversity in colouration patterns and
amenability to genetics and live imaging, is likely to provide
a mechanistic paradigm for the developmental and genetic
basis of colour patterning in vertebrates.
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